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he constitution of atmospieric aerosol.
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. by C. Junge.

. annalen der Keteorologic, 1952, Beiheft, p. 12-18. (in part)

d. The change in the size of nuclei with relative humidity.

A0 43 woll known, the asswumstlon that the nuclel represent
droplets of solution which hold a vapor pressure equilibrium with the
. surrounding air, indicates a dependence of the nucleic size upon relative
: ! humidity. The vepor pressure of such a droplet of sulution vis-a-vis a
f level water surface of the same temperature is changed by two factors:
: 4n elevation owing to curvature of the surface and 2 depression due to
the dissolved substunce. Considering the range of nucleic sizes of
interest here, the influence of the electrical charge may be ignored.

F/[o = i#‘ /\ jw.d /F Lr’ol /FC

= vapor pressure of the level, pure water suriace;
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= vapor pressure at the surface of the solutional droplet.

- If only particles above r = 107 -6 et are considered,

/-\st;:]r/Fa - QF’L/RTF ) CI /f‘

“L = surface tension; R = gas constant; T = absolute temperature.
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znd, for not too strorgly conceatrated solutions, according to
Raouli's law:

| Ly /7Da = arn, /( * ““"/)

< y - . . s . L. - .

2= I = ' , ) = mumber of ions into which a molecule may dis-
integrate; == ciegree of dissociation; nj; = mole of dissolved substance;
n, = mole of the solvent.

1f, as is customary, the magnitude A,ﬁ i /Fa is designated as a
>0

. function of r by the introduction of the droplet’s voluze, then, since

4 T, My ) % represents the total dirmensions of the droplet,
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m, = molecular weight of the solvent; my = molecular weight of the
dissolved substance; % = density of the solution.

f (concentration) is a constant only in the case of & small ny, i.e.
jn diluted solutions, and may be written

\ 3
LFS:J /?o = C)/r'

This leads to the well-known expression for the relation between
the relative vaper pressure of the nucleus anc its radius

P/po =14 c]./1' - 02,/139

The theory of solutions vas able initially to furnish a satisfactory
qualitative explanation derived from visual observations, etc. concerning
the growth of nuclei, especially sirce the problem of the condensationzl
process proper, i.e. the growth of nuclei close to water vapor saturation
{therefore with strongly dissolved solutions in the nuclei) were of
interest. The errors perpetrated due to neglect in the derivation of the
expression Cz/r were not treated in the literature for tnis reason.

However, if the growth curves of ruclei are to be calculated up to
moderate and low humidity, the dependence of = , 3 and ¢ upon the
concentration of the dissolved substance maturally mst be considercd,
It is not surprising, therefore, if Dalal, for instance, fails to obtain
a satisfactory agreement between the measurements of magnizudes of pure
solutional droplets in dependence upon the relative humidity and the last
listed simplified formla.
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In precise calculations of such growth curves, the best line of
depariure is given by data found in chemico-physical tzbles as functions
of the concentraticn. Unfortunately such data are complete only for &
few substances (e.g. HpS0,, HNO3). iihen such caleulations with un-
objectiombvle data still show déviations from observations, they may b
attributed to the theory of the solutional nucleus, and would indicate
that macroscopic laws may not be utilized without limitations within ths
range of the colloidal dimensions of nuclei.

A conclusion unjustifiably drawm from the solutionzl nucleus theory
on the basis of the simplified formla was the independence of ithe growih
curves from the type of dissolved micleus. This shows a close 2pproxina-
tion in the case of high humidity, tut considerable deviation sets in at
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C roderate humidity, since the functional correlation of the mzznitudes
“h,, @ ané ¥ 1is depencent upon the specific propertics of the sub-
stances. The’ cneracter of the growth curves is barely affecied thereby,
their course is very sirilar, and only the absolute figures of nucleic
growth d_.ffer rore strongly, as would the ratio of radii at 95 and 403
relative hunidity.

i Such groath curves calculated with precise data, depicted initially
i by the nitric acid exanple for "potvenjizal redii® (i.e., radii ai 100:
relative humidity) 107%, 1072 and 200 cm (Fiz. 4). These c-vves

differ esseniially only abave 903 hunidity, since the growth of large
particles is considerably suronger immediately below saturation, due to
the weak influence of surface curvature. In order to find a measure

for the extent of dropletn growih wnich would indicate its behavior in
the area of moderate hwumidity, the relation

y = redius at 95% hwmdity
radius ot 40% humidity

is formed (growth value).

As tahle 4a chows, this value is identical for potential radii
1075 2ad 105 and olly decreases rerceptibly at 10-6 cm,

o b

Since the following investigations refer primarily to crader
aerosols, W is suited as a measure for the absolute amount of growth.
The relative value of 407 humidity wes chosen because in many observations
no data is available for lower huamidity, and comparison would thus be
impossitla.

CO

Growth curves for various substances at the same potential radius
of 1072 are listed in Fig. 5. The process of crystallization is given
for ¥eCl in the assucpltion that this h2d set in in the case of a
suturated solution, and that 2 spherical aggregate of s2li was left.
The curves show a rathsr uniform growth in the huwnidity region below
80%, increasing above 80f% iith the approach of saturation. Ue have
pointed out thei this circumstance does not agree with the observations
! (vwnich show practically no growth below £0-70% humidity), and that the
ccncept according to ii.ich the natural zerosol consists predominantly of
solutional droplets (27) recuires correction. It was shovn that a
considerably more favorable gualitative agreement exists in the case of
rixed droplets which contain a larger share of insoluble substance and
therefore are sutject to a very small aiteretion in size at humidity
below 60%, vhere the solid nucleus is enveloped only by a thin solutiornal .
menbrane. The growth of such mixed droplets is shown in Fig. 6, where
the solid portion is assumed to be completely insoluble. The corres-
ponding ¥W-values in Table 4 naturally are concidarably smaller than
those of the solutional droplets.
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1.

Calculated values.

a) Pure nitric acid at different potential radii
Potential nucleic radius 1074 cm 2

1= 1.80
10~ cm = 1,80
106 cm = 1.54

b) Various pure substances at a potential nucleic radius of 10~5 cm

Hz = loéo
caCl, =1.70
NaCl = 2.57 with crystallization

m:gg W =1.8 droplets cannot exist at normal humicity
L

¢) Mixed x;mclei HZSOI, -~ insoiuble nucleus at a potential nucleic radius
of 102 cm

Radius of the solid mucleus 0] em W=1,60
3-10~6 = 1.47
L u = 1,36
5 n = 1.25
6 o = 1.16
7 v = 1.12
O g o = 1.06
O 2. Observed values.
Aerosol Nucleic radius W Rerariks
Gas flame ions ca. 7108 cm  1.28 Aiccording to (39)
Natural aerosol l- 3'10"1+ 1.27 kean of 91 indiv. measure-
rents of n.w/mixed character.
Natural zerosol 1 -13-107% 1.49 Mean of 17 indiv. measure-
ments of n.w/irreg. growth
Mixed nuclei: curves
a0, : CaCly = 2:1 1.5-2.5-107%  1.28
CasQ, : CaClp, = 3.5:1 u 1.23 This aerosol corresponds to

the mean of the natural
aerosol with respect to its
Z/V value

Cas0, : CaCl, = 10:1 "o 1.19
CaCl, : NaCl 1:1 2.5-7.0-107%  1.70
KaCl s PbCly = 1:1 4.0-7.0°107%  1.89
NaClL : PbCL, = 1:1 2.5-6.0-10°  1.60

35 A s 33+
. -. . radius 2t 955 hunidity

a ie wth v s of nuclei d = - - o
Table 4. The growth value 4= odius 2% 107 mumdity

O of diverse materiai compocition.
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C Tre assumpition of an insoluble racleus with an enveloping solution

naturally reoprecents z sirong simplification of pessibilities which may
arise in the case of mixed nuclei. If ke nucleus consists of a more

or less eIsily soluble substance, the growth curves are subject tc con-
siderable modification. rig. 7 shows such possibilities schematically,
assuming varicdle solubility of the poorly soluble poriion of the
substance ana virizble conditions of mixture. The material properties
of CaCl, were used as & oasis, waere a vart of dissolved Cally is to
nave a different s»lubility, expressed by the diiferent degrees of
relative szturaticn humidity 2t 96, 9G35, cte. With inoreasing
hvmidity, the colid nucleus zoes progressively into solution, until it
dissolves corpletely wita thc achievement of the saturation vapor
pressurs, and the particle grows rzpidly in order to continue its growth
2 the curve of ihe pure soiuviiorzl droplet. It is esseniial that these
grewth curves show differentiable growth in nuclel below and above ’
60~704 relative humidity, even more so than in the case of insoluble
parts of ihe substance, unless soluzility becoxes very great or the :
share of the more poorly soluble substzance is low.

In the presence of more than tvo substance components, the circum-
stances become more somplicated, the growsh curves may contain several
veriables, but will principally reveal the same picture. In this
connection W mey asstme all values up to the upper limit of purely
crystallizing substances (e.g. NaCl with 2.6). In the calculation of
tne curves in Fig. 7, which takes an elexmentary course, it is assumed
as a foregone conclusion that no recipvrocal chemical effect exists
between the dissoived components. The resultant complex salt formations ,
and similar processes associated with estz2blished compounds will :
naturally modify these conditions. It should be pointed out that :
crystzllization (or dissolution) of a component is less vigorous and less
pronounced in its volume change in connection with such mixed nuclei:
Sudden alterations in size become more or less fluent transitions. f

CO
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¥ie must conclude from these considerations —- if the mixed nucleic
j natare of the natural aerosol is admitied -~ that a mean growth curve of
the entire aeroscl must be distinguished from the cheracter of the
growth curve of an individual particle. In addition, mixed aerosols ,
will always show a snaller average growth at lower humidity vis-a-vis ,
pure solutionzl droplets of a hygroscopic substzance. At the same time
a gradual transition from droplets to solid sarticles must tal-e place
below 60-70% humidity. We shall see that this agrees vith observations.

A few words about the concept of hygroscopicity. as Dalal (10) so

correctly stresses, this concept is very vague; in addition to 2
substance's solubility it includes the capabiiity of adscrption, absorption
and capillary condensation. A4s long as a solution msinteins a vapor
pressure balance with the surrcunding reletive humidity end the solution
is not as yet saturated, the hygzroscopicity of a2 pure substance hes no
influence on the action of the solutional droplet. .4s we heve seen, this
behavior is determined solely by th:e cependence of the vepor pressure,

(:) the density, the degree of dissociation upon the solution's conceatration.
The delineation of this range toward low humidity is determined first of o
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] all by the unequivocal value of the saturation concentration (solubili.y).
TN Desseus (8) showed that solutional droplets could in pert be sirongly

] "' supersaturated. On the other hand, substances show mscroscovic
differences in their a2bility to go into solution autoratically from a

dry state, in the eveni 2 solution can exist at the humidity in question.
E Thus the hygroscopicity of pure substances has a practical expression,

' as far as these two poinlts are concerned, rmzking it cfficult to mcasure
this concept quantitatively. aside from this action, solubility remzins
k. the decisive property of a substance's hygroscopicity.

In the case of mixed nuclel, the concept of hygroscovicity takes on
an entirely different sense., Here it could be defined as the nucieic
content (pernaps in percentage of weight) of hygroscopic, i.e. in practice
easily soluble substance, in addition to its content of pcorly soluble
b o> insoluble mz2trer. This content dictates the entire action of the
1 nucleus, especially its growth, and its VW-value at the same time is a
R measure of its hygroscopicity.

Wieli (28) has pointed out that below a poteniial radius of ca. 107°

cm other reasons m2y be resvonsible for the growth of nuclei with
1 humidity. Below this size the deposit of polymolecular water layers
) , ' due to surface adsorption (as occurs in wettable substances such as glass)

\ causes the same changes as those calculated in connection with solutional
o (’) droplets. Thus & delineation of the processes of adsorption, dissolutiocn
- and absorption becomes difficuit in tis range, and the borderlines between
I (_) these phenomena become obliterated. In the evaluation of adsorption, the
elevation in vapor pressure due to the curvature of the surfaces :mst be
> considered, allowing the macroscopically established adsorption layers
of water to become apparent in small particles only at higher humidity.

As discussed elsevhere (27), the presence of gaseous traces m2y be
] significant in the growth of nuclei. There are as yet no observatvions
TR 1 recorded, since it is difficult to divorce gases and acrosols in the
T analysis for trace substances. Coste and Conitier (29) demonstrated in
: " 3 london and vicinity that the SOz content is considerably larger than the
i content of droplet-bound KpSO; (ratio in the order of magnitude 100:1),
and that in the mein a parallel course was evident between the two com-
] 1 porents., Oxidized SOQ reguires aqueous surfaces for the forzation of
E.. o H280;, 2s found in aerosol. <Zvidently suifuric acid is formed in the
g fog and is not its cause, as often assumed. The observations make it
.3 probable that no oxidation of S0 occurs in dry air, and that pure HpS0),
. ] in licuid form is rare. There are as yet no data on other substances
: concerning the reciprocal effect between gas phase and aerosol.

3y

4 On the whole, the gas phase of poorly wolatile substances such as
w3 acids should not be underrated quantitatively. «~bove an a2cid of kuown
1 , concentration, e.g. HCl, there is a gas phase of Ep0 and FECI vapor 1

; equilibrium, even though the vapor pressure of the latler Is low. It is
g nevertheless considerably higher than that corresponding tc trace sib-—

- stances found in natural air. When the humidity is eleveted, the
y ' (:) balanced acid loses concentration and the vapor pressure ¢l tae &cid
g ; mist consequently abate. It is possible to cezonsiraie in ihis manner

6
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that pure droplets of XCl and }11-103 can exist only at very high hweidity,
Judming by the tre e¢s occurring in naturel air. If the vapor pressures
of HCl and 103 listed in pertinent tabuletions are used (in pert after
extrapolation to room temperature by means of augusi's vapor pressure
formul: ), curves mey be entered on a2 hunidity - trace substance diagran,
delineating areas in which pure acid droplets are possible. It is
evident Zrom Fizy &8 thav aroplets of HCL and 03 can occur only airecily
telow water varor saturation, since the observed trace substances in the
air are 20 - /m3 in size. The deposit of a2lrezdy vresent particles is
not affected thereby, cince they absord such a porivion of ire.c¢ gas under
all circumstunces, untlil a solutionzl balance is achleved. The growth
curves obtain-d thereby show & similaxitvy with those given in Fig. 7 for
mixed nuclzi, .I the solid portion possesses poor solubility (27).

The data oa the (very low) partial vapor pressure of HpSO, (partially
dissociated in HpC and 503) is so scanty that no precise specifications ,
may be given. However, droplets of pure HpS0), still segm possible above l
ca. 40% humidity in connection with traces of 1-10-/m”. !

*f

It is probable that the acid molecules and other substances in ‘
tueir gas phase immediately take up a certain number of water molecules -
and thus become objects that are no longer molecules in the strict sense
nor yet condensational nuclei of the magnitude discussed here. They are |
not counted in aitken's rucleus counter, and the designation condensa- ’
tional nuclei is ineppropriate for such particles (13) in view of the
conditions governing natural aerosol.

!
l
It was silently postulated in all of the foregoing considerations !
that the macroscopiczily kmown laws remain valid also for the colloidal i
range of condernsational nuclei. This is by no means certain a priori,
and results introduced later also show deviations. Colloid chemistry '
requires increased solubility, e.g. for small particles; this is con- ;
firmed by observetions, since the dissolution or pure salt particles, '
e.g. NeCl, usually occurs prior to the achievemeni of saturation pressure ’
upon elevation of humidity, and in any case when that pressure is exceeded.
Moreover, the internal pressure of several atmospheres caused in such
small droplets by surface tension may alter the solubility. In this
category belongs also the formztion of strongly sunersaturated solutions
in droplets. If these phenomena are ignored, however, subsecuently
imparted observations show that the macroscopic laws of solutions indeed
govern the behavior of aerosols in close approximation.

ety e Ty, S

— .. - . . N O s f 423 .
[P T S WP ST AL, WAGRRPTED S SN WINPT SISO WSS 0 SR SPIIWRE TR P SO, - RRVC P U WESIVEL SR RS R RV SRR PRSI PR £ o LB TN e




3 bt
1
-

ind ATt Thca g T at = e A e Nl e

s m ot e o gy prmprr iR g g

g P ATR A R A e s

e L LR N

3 Emman

[ 3 // ’
o ,‘30 >\ // //
iy fy
./ 60 7 [l
= gL
2 P
= /o ! P Py
o & s . d- { i E -
0. / [ I i !
: o {
| . |
3 - - 7 —_ a0 : -
'§ 2y & <7 G ’ P
‘ . v Eadeistsl
Fig 4, E 57854
} - - -~
i -5 7. X PP
| G 1o > o
E i Relivs cum >
Fig. 4. Growth curves of Ki03 at different potential radii (10°C)°
.3 Potential radius at: a = 10~% cm,” b = 10~5 cm, c¢ = 10-0 cm.
L) O Fig. 5. Growth curves of difierent substances at a potential
/ radius of 10~2 em. a: HaCl 10°C, b: hl03 10°C, c: CaClp 25°¢,
d: H2S0; 10°C,
3 ; Fig. 6. <Zrowth curves of mixed nuclel with insoluble nucleus at
a potential radius of 107 ca for HpB0, . The size of the solid radius
is indicated on the curves.
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Fig. 7. Growth curves of mixed nuclei, the s0lid nucleus of which
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possesses diverse solucility.
a) volume ratio droplet:sulid nucleus at 4L0» hwiidity about 1.5
b) " 2.0
c) . 4.0
i
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Fig. 8. ZExistence capability of solutionzl droplets of poorly
volatile substances depending on relative huridity and amount of material
per cbm air at different temperatures. The lines demarcafe the area in
wnich such pure solutional nuclel are possible.
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